The platinum compound oxaliplatin has been shown to be an effective chemotherapeutic agent for the treatment of colorectal cancer. In this study, we investigate the molecular mechanisms of action of oxaliplatin to identify means of predicting response to this agent. Exposure of colon cancer cells to oxaliplatin resulted in G2/M arrest and apoptosis. Immunofluorescent staining demonstrated that the apoptotic cascade initiated by oxaliplatin is characterised by translocation of Bax to the mitochondria and cytochrome c release into the cytosol. Oxaliplatin treatment resulted in caspase 3 activation and oxaliplatin-induced apoptosis was abrogated by inhibition of caspase activity with z-VAD-fmk, but was independent of Fas/FasL association. Targeted inactivation of Bax or p53 in HCT116 cells resulted in significantly increased resistance to oxaliplatin. However, the mutational status of p53 was unable to predict response to oxaliplatin in a panel of 30 different colorectal cancer cell lines. In contrast, the expression profile of these 30 cell lines, assessed using a 9216-sequence cDNA microarray, successfully predicted the apoptotic response to oxaliplatin. A leave-one-out cross-validation approach was used to demonstrate a significant correlation between experimentally observed and expression profile predicted apoptosis in response to clinically achievable doses of oxaliplatin (R ¼ 0.53; P ¼ 0.002). In addition, these microarray experiments identified several genes involved in control of apoptosis and DNA damage repair that were significantly correlated with response to oxaliplatin.
Oxaliplatin is a third generation diaminocyclohexane (DACH) platinum compound that forms mainly intrastrand links between two adjacent guanine residues or a guanine and an adenine, disrupting DNA replication and transcription (Fink et al, 1997) . Although the related platinum compounds, cisplatin and carboplatin, are generally ineffective in the treatment of colorectal cancer, oxaliplatin has been shown to be effective in the treatment of this disease and it is commonly used to treat patients unresponsive to 5-fluorouracil (5FU) based therapy. However, the details underlying the cytotoxic effects of oxaliplatin remain poorly understood.
Exposure of tumour cells to several chemotherapeutic agents, including oxaliplatin, has been shown to induce programmed cell death or apoptosis (Searle et al, 1975; Lowe and Lin, 2000; Gourdier et al, 2002; Johnstone et al, 2002) . In mammalian cells, the signalling cascades leading to apoptosis can be divided into two broad groups. The intrinsic pathway is characterised by the central role of the mitochondria in the initiation of the caspase cascade executing the apoptotic program (Desagher and Martinou, 2000) . Pro-and antiapoptotic Bcl-2 family members play a pivotal role in the intrinsic apoptotic cascade (Narita et al, 1998; Gross et al, 1999) . Upon exposure to some apoptotic stimuli, proapoptotic Bcl-2 family members such as Bax, which normally reside in the cytosol, are relocated to the outer mitochondrial membrane where they lead to the release of apoptotic factors from the mitochondria and ultimately to caspase activation and an apoptotic cell death (Li et al, 1997; Zou et al, 1997) . The tumour suppressor gene p53 has been shown to directly regulate the expression levels of Bax (Miyashita and Reed, 1995) , and both p53 and Bax have been shown to be important determinants of the cellular response to chemotherapeutic agents (Bunz et al, 1999; Zhang et al, 2000) . In the extrinsic pathway, however, caspase activation is initiated by death receptors on the cell surface (Ashkenazi and Dixit, 1998) . Chemotherapeutic agents are known to induce apoptosis by either of these two mechanisms (Lowe and Lin, 2000; Johnstone et al, 2002) .
While significant progress has been made in the identification of markers predicting response to 5FU and CPT-11, two additional chemotherapeutic agents commonly used for colorectal cancer treatment (Augenlicht et al, 1997; Bunz et al, 1999; Salonga et al, 2000; Arango and Augenlicht, 2001; Arango et al, 2001 Arango et al, , 2003 , there is great need for markers that allow discrimination of tumours that vary in their sensitivity to oxaliplatin. The tumour suppressor p53 has a pivotal role in determining the cellular sensitivity to a number of chemotherapeutic agents, including 5FU and CPT-11 (Bunz et al, 1999; Arango et al, 2001 Arango et al, , 2003 Magrini et al, 2002) . In this study we investigated the potential of this genetic marker to predict response to oxaliplatin in vitro. Previous studies have shown that simultaneous analysis of multiple independent markers capable of predicting response to chemotherapy significantly improves the accuracy of the predictions (Salonga et al, 2000; Arango et al, 2001) . cDNA microarray analysis allows the assessment of the level of expression of thousands of genes simultaneously, and its potential to predict response of tumour cells to chemotherapeutic agents has been recently demonstrated (Scherf et al, 2000; Kihara et al, 2001; Zembutsu et al, 2002; Mariadason et al, 2003) . Therefore, we hypothesised that the expression profile of untreated tumour cells could be used to predict sensitivity to oxaliplatin, and used a leave-one-out crossvalidation approach to formally demonstrate the accuracy of this approach in a panel of 30 colorectal cancer cell lines.
MATERIALS AND METHODS

Cell culture
HCT116 colon carcinoma cells and isogenic derivatives with a targeted inactivation of p53 or Bax (Bunz et al, 1998; Zhang et al, 2000) were a gift of Dr Vogelstein (Johns Hopkins University School of Medicine). Cells were maintained in minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS), 1 Â antibiotic/antimycotic (100 U ml À1 streptomycin sulphate, 100 U ml À1 penicillin G sodium and 0.25 mg ml À1 amphotericin B), 100 mM nonessential amino acids and 10 mM HEPES buffer solution (all from Invitrogen Corporation, Carlsbad, CA, USA).
Cell cycle and apoptosis
For analysis of cell cycle, 2 Â 10 5 HCT116 cells were seeded on sixwell plates in triplicate and allowed to attach for 24 h. For timeresponse studies cells were treated with 5 or 10 mM oxaliplatin (supplied by Sanofi-Synthelabo, New York, NY, USA) for 12, 24, 48 and 72 h. For concentration -response experiments, cells were treated for 72 h with 5, 10, 15, 20, 25 and 50mM oxaliplatin. Both attached and floating cells were harvested, washed twice with 2 ml of PBS and resuspended in PBS containing 50 mg ml À1 propidium iodine (PI), 0.1% sodium citrate and 0.1% Triton X-100. Cells were stained overnight at 41C and a minimum of 10 000 cells analysed for DNA content using a Becton Dickinson FACScan (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). The proportion of cells in G0/G1, S phase and G2/M were quantified using ModFit 2.0 (Verity Software House, Topsahm, ME, USA). Apoptosis induced by oxaliplatin treatment was assessed by the nuclear morphology of floating cells. HCT116 cells (1.6 Â 10 6 ) were seeded on T75 culture flasks and allowed to attach to the substrate for 24 h before exposure to 25 mM oxaliplatin for 48 h. Floating cells were collected, pelleted and re-suspended in 1 mM DAPI (Sigma, St Louis, MO, USA) in PBS. Micrographs of DAPI stained nuclei were captured with a SPOT RT Diagnostic Instruments CCD camera (Diagnostic Instruments, Sterling Heights, MI, USA) attached to a BX60 Olympus fluorescence microscope (Olympus, Melville, NY, USA). Quantification of apoptosis was carried out by PI staining and flow cytometric analysis of the proportion of cells with a subdiploid content of DNA using WinList 2.0 (Verity Software House, Topsahm, ME, USA). In some experiments, cell cultures were preincubated with 2 mg ml À1 anti-Fas receptor antibody ZB4 (Upstate Biotechnology, Lake Placid, NY, USA) or 1 mg ml À1 antiFas ligand antibody NOK-1 (BD Biosciences Pharmingen, San Diego, CA, USA) for 1 h before oxaliplatin cotreatment. Some HCT116 cultures were coincubated with the pan-Caspase inhibitor z-VAD-fmk (Calbiochem, La Jolla, CA, USA) at the final concentrations indicated in the text.
Caspase 3 activation
HCT116 cells (2 Â 10 5 ) were seeded on six-well plates in triplicate, allowed to attach for 24 h, and then treated with 25 mM oxaliplatin. After 72 h of treatment, floating cells were collected and pooled with the attached cells harvested by trypsinisation. Cells were washed with PBS, resuspended in CytoFix/CytoPerm (Pharmingen, San Diego, CA, USA), incubated for 30 min on ice and then washed with Perm/Wash buffer (Pharmingen, San Diego, CA, USA) and resuspended in 100 ml of Perm/Wash buffer. In total, 20 ml of phycoerythrin (PE)-conjugated anti-active caspase-3 (Pharmingen, San Diego, CA, USA) were added and cells were incubated at 41C in the dark for 30 min, washed with Perm/Wash buffer and resuspended in 400 ml of Perm/Wash buffer. Samples were analysed using a Becton Dickinson FACScan, measuring logarithmic PE fluorescence in the FL-2 channel in a minimum of 10 000 cells.
Western blotting
HCT116 cells seeded in 75 cm 2 flasks were treated with 10 mM oxaliplatin for 0, 6, 12, 16 or 24 h and then rinsed with PBS twice, harvested and resuspended in 300 ml of RIPA lysis buffer (1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 0.15 M NaCl, 0.01 M sodium phosphate pH 7.2, 2 mM EDTA, 50 mM sodium fluoride, 0.2 mM sodium vanadate and 100 U ml À1 aprotinin). The cell suspension was vortexed and kept on ice for 30 min before cell debris was pelleted and the supernatant transferred to a new tube. SDS -polyacrylamide gel electrophoresis sample loading buffer (6 Â ) was added to 20 mg aliquots and loaded on 15% tris-HCl precast gels (BioRad, Hercules, CA, USA). Fractionated proteins were transferred to a PVDF membrane (Amersham, Piscataway, NJ, USA) and blocked with 10% nonfat milk for 1 h. Membranes were then probed at room temperature with the appropriate primary antibody in 5% nonfat milk for 1 h with the following antibodies: anti-p53 (Santa Cruz, DO-1, 1/7000), anti-p21
Cip1/WAF1 (Santa Cruz, H-164, 1/200) and anti-b-actin (Sigma, clone AC74, 1/1000). Membranes were washed three times with washing buffer (PBS with 0.1% Tween 20) and then probed with the appropriate peroxidase-conjugated secondary antibody for 1 h (all from Roche Diagnostics/Boehringer Mannheim Corporation, Indianapolis, IN, USA). The secondary antibody was washed three times with washing buffer and the signal was developed using ECL Plus Western Blotting Detection Method (Amersham, Piscataway, NJ, USA). Detection was carried out using a Storm PhosphorImager and quantified using ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA). Protein levels were standardised using the signal from the b-actin probe.
anti-cytochrome c IgG (Pharmingen, San Diego, CA, USA; 1 : 200) followed by exposure to a goat anti-mouse Cy5-conjugated secondary antibody (Amersham Biosciences, Piscataway, NJ, USA). All secondary antibodies were used at a dilution of 1 : 200 for 1 h. All washes were performed with PBS. To visualise nuclei, cells were stained with DAPI (Sigma, St Louis, MO, USA; 4 0 ,6-diamidino-2-phenylindole). Fluorescent images were captured with a SPOT RT Diagnostic Instruments CCD camera (Diagnostic Instruments, Sterling Heights, MI, USA) attached to a BX60 Olympus fluorescence microscope (Olympus, Melville, NY, USA). The proportion of apoptotic cells was quantified by scoring the number of cells simultaneously exhibiting Bax relocalisation and cytochrome c release in 200 cells.
Growth/cytotoxicity assay
The concentration of oxaliplatin resulting in 50% inhibition of control growth (GI 50 ) in response to oxaliplatin was calculated using the sulphorhodamine B method according to the protocol used by the NCI in vitro Anticancer Drug Discovery Screen Program (Skehan et al, 1990) . Ten thousand cells per well were seeded in 96-well plates and 24 h later exposed to 0, 0.0125, 0.025, 0.125, 0.25, 1.25, 2.5, 6.25, 12.5, 25, 50 and 125 mM oxaliplatin for 72 h. The GI 50 concentrations were calculated as described (Skehan et al, 1990; Arango et al, 2003; Mariadason et al, 2003) using Prism 3.0 software (GraphPad, San Diego, CA, USA).
Clonogenic assay
One million cells were seeded in T25 flasks and 24 h later exposed to 0, 2.5, 3, 3.5 or 4 mM oxaliplatin for 9 h. Cells were then trypsinised and 500 cells reseeded in six-well plates in triplicate. Colonies were allowed to form for 2 weeks and then plates were washed and air-dried. Colonies were stained with 0.1% crystal violet, washed three times with distilled water, and air-dried. Plates were scanned using a Perfection 1250 scanner (Epson America Inc., Long Beach, CA, USA) and the number of colonies quantified using Total Lab 1.1 software (Nonlinear Dynamics, Durham, NC, USA).
Assessment of p53 status
The mutational status of the 30 colorectal cancer cell lines in the panel used has been previously reported . Sequencing of the hotspots for p53 mutations (exons 5 -8) in T84 cells found no mutations . Moreover, Western blot analysis demonstrated that T84 cells have low basal p53 levels, which is characteristic of colorectal cancer cells with a wild-type p53 gene. However, subsequent analyses showed that, unlike other wild-type p53 cell lines in the panel, T84 cells failed to upregulate the p53 target gene p21
Waf1/Cip1 in response to cytotoxic insult (5 and 50 mM 5-FU for 24 h -not shown). We, therefore, sequenced the remaining of the p53 coding sequence in this cell line and found a missense mutation in exon 4 (codon 60, CCA-CTA; Pro-Leu). Moreover, this mutation has previously been identified in human malignancies, further suggesting that this mutation disrupts p53 function (http://p53.curie.fr). The p53 primers used in the PCR reactions were exon 2: CGACTGTCCA GCTTTGTGC and CCCGTGACTCAGAGAGGACT; exon 2: GGGTT GGAAGTGTCTCATGC and TCCCACAGGTCTCTGCTAGG; exon 3: CAGTCAGATCCTAGCGTCGAG and AGCCCAACCCTTGTCCT TAC; exon 4: CCTCTGACTGCTCTTTTCACC and AGAAATGCAG GGGGATACG; exon 9: GCAGTTATGCCTCAGATTCACT and AA CTTTCCACTTGATAAGAGGTC; exon 10: GTACTGTGAATATAC TTACTTCT and CCTATGGCTTTCCAACCTAGGAA; exon 11: TTA GGCCCTTCAAAGCATTGGT0 and CACCTATTGCAAGCAAGG GTTCA.
Microarray analysis
The expression profile of the same panel of 30 colorectal cancer cell lines was assessed in using 9216-sequence cDNA microarrays from the Albert Einstein Cancer Center Facility as previously described . For each cell line, hybridisations were carried out in duplicate starting from RNA isolated from independent cultures. For each set of replicates, the mean expression value for each sequence was determined and entered into a final database for further analyses. The expression data for the 3725 sequences with a significant level of expression (defined as signal4background plus two standard deviations in the Cy5 and/or Cy3 channel) in at least one replicate for all 30 cell lines was used in subsequent analyses. All the databases are available on our website (www.augenlichtlab.com).
'Leave-One-Out' cross-validation analysis All leave-one-out analyses (Efron and Tibshirani, 1993) were performed using genes that showed a significant level of expression above background in each of the 30 cell lines (3725 of the 9216 genes on the arrays). First, from the 30 cell lines, cell line 1 was removed from consideration, leaving 29 cell lines for analysis. For these 29 cell lines, the Pearson correlation between the level of expression of each of the 3725 genes and the percentage of apoptosis induced by 10 mM oxaliplatin was computed, and the N genes highest absolute value correlations (i.e., corresponding to N genes) were selected. N was varied from the 10 to 200 bestcorrelated genes. As a control, N randomly selected genes were also analysed. To reduce the number of genes to a smaller set of variables, principal components analysis (PCA) was performed. PCA enables a large number of variables to be reduced to linear combinations of variables that can be used to predict an outcome. From the PCA, the principal components (PCs) having the 10 largest eigenvalues were selected. In general, these 10 PCs accounted for approximately 60% of the variance in the selected genes. Next a multiple regression model was developed using the 10 PCs to predict apoptosis, based on the 29 cell lines in the analysis. Once the regression equation was derived, the 10 PCs corresponding to the 'left out' cell line were computed and substituted into the derived regression equation to yield a prediction of apoptosis in the left out cell line. Thus, the final results for this first leave-one-out procedure were the predicted value of apoptosis for the left out cell line (y 1 *) and the observed value (y 1 ).
After this first leave-one-out procedure was completed, the left out cell line was replaced in the data set, and cell line 2 was removed, once again leaving 29 cell lines in the data set with 1 cell line left out. The entire procedure was repeated for all 30 cell lines so that the final result was a set of predicted apoptosis values for each cell line that had been left out and the corresponding observed value. Each of these 30 leave-one-out procedures yielded 30 pairs of predicted and observed apoptosis values: y 1 *, y 1 , y 2 *, y 2 , y, y 30 *, y 30 .
To determine how well a given regression model predicted observed apoptosis in the left out cell line, the natural log of observed apoptosis (ln(y i )) was plotted as a function of the natural log of the predicted value (ln(y i *)), and a simple linear regression was constructed. The purpose of this regression analysis was to determine whether the predicted and observed values obeyed the equation y i ¼ y i * (i.e., whether the points fall on the line of equality). If the prediction rule is true, then the observed and predicted values would be equal or nearly equal. The measure of linear fit was r, and the hypothesis of falling on the line of equality was tested by comparing the slope to unity and y intercept to zero.
RESULTS
Oxaliplatin induces a G2/M cell cycle arrest and apoptosis
Exposure of an asynchronous culture of HCT116 colon carcinoma cells to clinically achievable concentrations (Ehrsson et al, 2002; Tassone et al, 2002) of the platinum compound oxaliplatin resulted in a significant time-and concentration-dependent accumulation of cells in the G2/M phases of the cell cycle and a reduction of cells in S phase ( Figure 1A -D) . These effects of oxaliplatin on cell cycle progression of proliferating HCT116 cells were accompanied by a significant proportion of cells showing signs of an apoptotic death, which was confirmed by the characteristic morphological changes observed in DAPI-stained nuclei of oxaliplatin-treated cells (Figure 2A and B) . Quantification of the proportion of apoptotic cells by PI staining and flow cytometric analysis demonstrated that exposure of HCT116 cells to clinically achievable concentrations of oxaliplatin resulted in a significant time-dependent induction of apoptosis (Figures 1A and 2C) and that the proportion of apoptotic cells was concentrationdependent ( Figures 1B and 2D ).
The apoptotic cascade initiated by oxaliplatin is characterised by translocation of Bax to the mitochondria, cytochrome c release and caspase 3 activation
To investigate the molecular cascade of events following exposure to oxaliplatin, we utilised HCT116 cells, which have a wild-type p53 gene and express a functional Bax protein. Immunofluorescent staining of Bax in untreated HCT116 cells demonstrated a diffuse cytoplasmic localisation of Bax in most cells ( Figure 3A ). In agreement with a low incidence (o1%) of spontaneous apoptosis in untreated cultures (see Figure 2C ), a small proportion of cells showed punctate Bax staining that was demonstrated to localise to the mitochondria by co-staining with Hsp60, a heat shock protein with mitochondrial localisation (Supplementary material Figure 1 ). However, exposure of HCT116 cells to 10 mM oxaliplatin resulted in a significant (Po0.001) increase in the number of cells that exhibited a mitochondrial pattern of Bax staining (white arrowheads in Figure 3A ). Translocation of Bax to the mitochondria has been implicated in the formation of the permeability transition pore and cytochrome c release from the mitochondria into the cytoplasm (Narita et al, 1998; Gross et al, 1999) . Nonapoptotic untreated HCT116 cells exhibited a mitochondrial localisation of cytochrome c ( Figure 3A ). However, oxaliplatin treatment resulted in an increase in the number of cells showing a diffuse cytoplasmic cytochrome c immunostaining (yellow arrowheads in Figure 3A ). The observed relocalisation of Bax and cytochrome c following treatment of HCT116 cells with oxaliplatin was concurrent ( Figure 3A ) and time-and concentration-dependent ( Figure 3B and C). Extension of these analyses to other colorectal cancer cell lines showed that exposure of RKO, RW2982 and SW403 cells to 10, 20 or 50 mM oxaliplatin resulted in a significant (Po0.01) increase in the number of cells showing Bax/cytochrome c re-localisation ( Figure 3C ).
Cytoplasmic cytochrome c has been shown to bind to other components of the apoptosome, resulting in caspase activation (Liu et al, 1996; Zou et al, 1997) . A time-dependent Caspase 3 activation was demonstrated in oxaliplatin-treated cells by immunostaining with a fluorescently labelled antibody that binds specifically to active Caspase 3, and quantified using flow cytometry ( Figure 4A ). In agreement with this observation, treatment of HCT116 cells with oxaliplatin in the presence of different concentrations of z-VAD-fmk, a pan-caspase inhibitor, reduced oxaliplatin-induced apoptosis in a concentration-dependent manner ( Figure 4B ). 
Targeted inactivation of Bax decreased the apoptotic response to oxaliplatin
The cellular translocation of Bax to the mitochondria observed in HCT116 cells following exposure to oxaliplatin suggested a functional role for this Bcl2 family member in the apoptotic cascade initiated by oxaliplatin. To investigate the role of Bax in oxaliplatin-induced apoptosis, we utilised an isogenic HCT116 derivative line that differs only in the absence of a functional Bax gene. Propidium iodide (PI) staining and flow cytometric analysis demonstrated a significant (Po0.03) time-and dose-dependent reduction in the number of apoptotic cells in HCT116 Bax À/À cells compared to isogenic Bax þ / þ cells following oxaliplatin exposure ( Figure 5A and B). In agreement with this observation, HCT116 Bax À/À cells treated with 20 mM oxaliplatin for 24 h showed a significant (P ¼ 0.03) reduction compared to isogenic Bax þ / þ cells in the number of cells with the cytosolic staining pattern of cytochrome c characteristic of apoptotic cells ( Figure 5C ), further demonstrating an important functional role of Bax in oxaliplatininduced apoptosis.
Oxaliplatin-induced apoptosis is not dependent upon Fas/ FasL association in HCT116 cells
Bax relocalisation to the mitochondria, accumulation of cytochrome c in the cytoplasm and Caspase 3 activation are all events consistent with an intrinsic pathway of activation of apoptosis by oxaliplatin. To investigate the contribution of the extrinsic pathway in oxaliplatin-induced apoptosis, we used antibodies that specifically recognise either the Fas receptor (ZB4) or the Fas ligand (NOK-1) and disrupt Fas/FasL association and the subsequent induction of apoptosis by this pathway. Preincubation of HCT116 cells with either ZB4 or NOK-1 antibodies was effective in preventing apoptosis induced by recombinant human soluble Fas ligand (rhFasL; Figure 6A ). However, pretreatment with ZB4 or NOK-1 antibodies did not affect apoptosis induced by oxaliplatin ( Figure 6A ), suggesting that this extrinsic pathway of induction of apoptosis was not activated by oxaliplatin in HCT116 cells.
Role of p53 in the response to oxaliplatin
More than 50% of colonic tumours have a mutant p53 gene (Baker et al, 1990) , and a functional p53 protein has been shown to be important for the cellular response to a variety of proapoptotic stimuli, including chemotherapeutic agents commonly used in the treatment of colorectal cancer, such as 5FU and CPT-11 (Bunz et al, 1999; Arango et al, 2001 Arango et al, , 2003 Magrini et al, 2002) . Here, we demonstrate that exposure of wild-type p53 HCT116 cells to oxaliplatin results in increased levels of p53 ( Figure 6B ), and consistent with this observation, the p53 target gene p21
was also upregulated ( Figure 6B ). The product of the p53 gene is a transcription factor that can either promote apoptosis, through different mechanisms such as Bax upregulation, or induce cell cycle arrest and DNA damage repair by means of the transcriptional upregulation of genes such as p21 waf1/cip1 and Gadd45. Therefore, we directly tested the role of p53 in the sensitivity of colon cancer cells to oxaliplatin using parental wild-type p53 HCT116 cells and isogenic HCT116 p53 À/À cells. Relative to parental cells, p53-deficient HCT116 cells showed a time-and concentration-dependent protection from the apoptotic effects of oxaliplatin ( Figure 7A and B). The reduced apoptotic effects of oxaliplatin in HCT116 p53 À/À could be detected after 16 h of treatment as a 10-fold reduction in the number of cells exhibiting Bax translocation and cytochrome c release compared to parental HCT116 p53 þ / þ (not shown). Moreover, the concentration of oxaliplatin necessary to cause a 50% growth inhibition (GI 50 ) after 72 h of exposure was four-fold higher in HCT116 p53
À/À cells compared to parental HCT116 cells (2.0470.15 and 0.5370.04 mM respectively; Po0.0001; Figure 7C ). To investigate the long-term implications of the reduced apoptosis and growth inhibition in response to oxaliplatin in HCT116 p53
À/À cells, we assessed the clonogenic potential of parental HCT116 p53 þ / þ and isogenic HCT116 p53 À/À cells 2 weeks after exposure to oxaliplatin for 9 h. This assay demonstrated that exposure of parental HCT116 p53 þ / þ cells to concentrations of oxaliplatin ranging from 2.5 to 4 mM, resulted in up to 70% reduction in the number of cells with longterm clonogenic potential. In contrast, these concentrations of oxaliplatin had no effect on clonogenicity of HCT116 p53 À/À cells ( Figure 7D ), further demonstrating that inactivation of p53 in colon cancer cells results in a significant protection from oxaliplatin cytotoxicity.
To further investigate the role of p53 in the response of colorectal cancer cells to oxaliplatin, we assessed the sensitivity to Response to oxaliplatin can be predicted using the expression profile of untreated colorectal cancer cells
Due to the great complexity of the molecular mechanisms determining response to oxaliplatin, analysis of the p53 mutational status is likely to be of limited predictive value in the clinical setting. As an alternative approach, we used cDNA microarray analysis to assess the levels of expression of 9216 sequences in the same panel of 30 colorectal cancer cell lines, and used the expression profile of untreated cells to make predictions concerning response to oxaliplatin. In order to validate the accuracy of the predictions within the panel of 30 cell lines we used a 'leave-one-out' cross-validation approach. Here, one of the 30 samples is held out, and the N genes whose expression best correlates with the apoptotic response are selected using the remaining 29 cell lines. The apoptotic response in the 30th line is then estimated using the expression of those N genes and a predictor based on a multiple regression model (see Materials and Methods for details). This process is repeated 30 times holding out a different cell line in each iteration. In this way, a predicted value for the apoptotic response to oxaliplatin is obtained for each of the 30 cell lines, which can then be compared to the experimentally observed response to this agent. To optimise the predictive rule, we tested the effect of varying the number of N input genes from the 10-best through 200-best correlated with oxaliplatin-induced apoptosis (see Materials and Methods) . This analysis demonstrated that selection of the 80 genes best correlated with oxaliplatin-induced apoptosis produced the most accurate prediction, with a highly significant correlation (r ¼ 0.53, P ¼ 0.002) between the observed and estimated response to oxaliplatin ( Figure 8B) . Importantly, the correlation between observed and estimated response to oxaliplatin by a group of 80 randomly selected genes was not significant (P ¼ 0.19). This formally demonstrates that cDNA microarray based expression profiling can be used to predict response to oxaliplatin in colorectal cancer cells.
The 'leave-one-out' cross-validation approach adopted produced a slightly different list of 80 genes in each iteration, as a different cell line is held out in each round of analysis. A total of 254 genes were used in at least one of the 30 cycles, and 28 of them were present in all of the 30 gene lists used (Table 1 ). The expression profile of all 9216 genes in the cDNA microarrays used can be found on our website (www.augenlichtlab.com). 
DISCUSSION
The platinum compound oxaliplatin is frequently used in the treatment of colorectal cancer patients that are resistant to 5FU, and can also be used in combination with 5FU or CPT-11, improving response rates and progression-free survival (Levi et al, 1993; Bertheault-Cvitkovic et al, 1996; Machover et al, 1996; de Gramont et al, 1997 de Gramont et al, , 2000 Andre et al, 1999; Maindrault-Goebel et al, 1999; Giacchetti et al, 2000) . Oxaliplatin disrupts DNA replication and transcription by forming intrastrand DNA adducts, but the downstream molecular events underlying the cytotoxic effects of this chemotherapeutic agent have not been well characterised.
Here, we show that exposure of HCT116 colon cancer cells to clinically relevant concentrations of oxaliplatin (Ehrsson et al, 2002; Tassone et al, 2002) greatly reduced the long-term clonogenic potential of these cells (solid line in Figure 7D ). This was associated with an arrest of proliferating cells in the G2/M phases of the cell cycle (Figure 1 ). Consistent with this observation, there was a significant reduction in the growth rate of oxaliplatintreated cells compared to control untreated cells (solid line in Figure 7C ). Importantly, exposure of HCT116 cells to oxaliplatin resulted in a significant induction of apoptosis detectable as early as 24 h after treatment with the lowest concentration assessed (see Figure 2C ). Although impairment of the growth of tumour cells is an important component contributing to the overall response to chemotherapy, cell death is the preferred method of elimination of malignant cells, since this is a terminal and irreversible mechanism. Clonal selection of tumour cells frequently results in the acquisition of mechanisms of evading apoptosis. Therefore, understanding of the molecular mechanisms involved in the induction of apoptosis after exposure to chemotherapeutic agents is important for two reasons: first, it can provide information regarding pathways that may be modulated to improve treatment efficacy, and second, it can lead to the identification of markers capable of predicting the probability of response to treatment.
In this study we demonstrate that exposure of four different colorectal cancer cells (HCT116, RKO, RW2982 and SW403) to oxaliplatin resulted in recruitment of Bax to the mitochondria, release of cytochrome c to the cytosol and Caspase 3 activation. Targeted inactivation of Bax in HCT116 cells resulted in a significant reduction in the number of cells displaying a cytosolic staining pattern of cytochrome c and terminal apoptosis following exposure to oxaliplatin. These results demonstrated an important functional role of Bax in the apoptotic cascade of events initiated by exposure to oxaliplatin and are in agreement with previous reports (Gourdier et al, 2002; Hayward et al, 2004) . Moreover, it has been suggested that frameshift mutations in the G8 track of the Bax gene could contribute to the acquisition of resistance to oxaliplatin in HCT116 cells (Gourdier et al., 2002) . Collectively, these observations suggest the potential of Bax as a genetic marker capable of predicting the probability of response of colorectal cancer patients to this important chemotherapeutic agent.
Bax relocalisation to the mitochondria, release of cytochrome c to the cytosol and Caspase 3 activation, are all events consistent with the induction of an intrinsic apoptotic pathway, characterised by the central role of the mitochondria in the initiation of the caspase cascade. Some chemotherapeutic agents, however, induce an apoptotic response through activation of the extrinsic pathway by promoting Fas receptor/Fas ligand association, which in turn leads to the formation of the death-inducing signaling complex (DISC) and the autocatalytic activation of pro-caspase 8. To investigate the contribution of this pathway to oxaliplatin-induced apoptosis, we utilised antibodies that bind to Fas or FasL, thus preventing the association of these two proteins. Although abrogation of Fas/FasL association completely prevented apoptosis induced by recombinant human Fas ligand, it had no effect on oxaliplatin-induced apoptosis, suggesting the predominance of the intrinsic pathway in the apoptotic program initiated by oxaliplatin exposure in HCT116. However, Marchetti et al (2004) have recently demonstrated the involvement of the extrinsic pathway in oxaliplatin-induced apoptosis in HCT15 colon cancer cells, suggesting that the role of this pathway may be tumour dependent.
Considerable progress has been made in the identification of genetic markers allowing prediction of colorectal cancer response to 5-FU and CPT-11, which together with oxaliplatin are commonly used for the treatment of these patients (Augenlicht et al, 1997; Bunz et al, 1999; Salonga et al, 2000; Arango and Augenlicht, 2001; Arango et al, 2001 Arango et al, , 2003 . However, despite recent efforts (Arnould et al, 2003; Rakitina et al, 2003) it is currently not possible to accurately predict response to oxaliplatin. p53 is mutated in over 50% of colorectal tumours, and the mutational status of this tumour suppressor has been shown to increase or decrease tumour sensitivity to a number of chemotherapeutic agents. Here we show that oxaliplatin-induced apoptosis was associated with upregulation of p53 protein levels, detectable within 6 h of treatment. This suggested a role of p53 in the apoptotic cascade initiated by oxaliplatin. Using an isogenic system we showed that targeted inactivation of p53 resulted in a four-fold increase in the GI 50 , reduced apoptosis and induced a significant increase in clonogenic potential after exposure to oxaliplatin, demonstrating that inactivation of p53 can lead to significantly increased resistance to oxaliplatin. However, there are some reports showing that p53 inactivation does not lead to increased resistance to oxaliplatin (Seo et al, 2002; Petit et al, 2003) , suggesting that the role of p53 in the cellular response to oxaliplatin may be tumour dependent. To further investigate the role of p53 in sensitivity of colorectal cancer cells to oxaliplatin, we used a panel of 30 different cell lines of known p53 mutational status. We measured the induction of apoptosis following exposure of these 30 cell lines to clinically achievable doses of oxaliplatin, and found that cell lines with a wild type and mutant p53 gene did not significantly differ in their apoptotic response to oxaliplatin (see Figure 8A ). Similar disparities have been reported for the role of p53 in 5FU response, depending upon whether isogenic cell lines or panels of colorectal cell lines were studied Bunz et al, 1999; Violette et al, 2002) . Therefore, despite the clear role of p53 in the response of colon cancer cells to oxaliplatin demonstrated using the HCT116 isogenic system, the multiple genetic and epigenetic differences that exist between tumours are likely to affect numerous pathways, thus modulating sensitivity to oxaliplatin. This could limit the clinical value of p53 and other single markers of response to treatment.
Simultaneous analysis of several independent markers predicting response to drug treatment has been shown to be advantageous over single markers (Salonga et al, 2000; Arango et al, 2001) . Microarray analysis provides the means of assessing the levels of expression of thousands of genes simultaneously, and we and others have recently demonstrated that the expression profile of untreated tumour cells can be used to predict response of tumour cells to different chemotherapeutic agents in vitro and in vivo (Scherf et al, 2000; Kihara et al, 2001; Zembutsu et al, 2002; Mariadason et al, 2003) . Here, we used a cDNA microarray-based approach to measure the expression levels of 9216 transcripts in a panel of 30 colorectal cancer cell lines for which the sensitivity to oxaliplatin was also assessed. The profile of expression of the 80 genes best correlated with sensitivity was used to predict the quantitative apoptotic response to oxaliplatin in these 30 cell lines. Using a 'leave-one-out' cross-validation approach we demonstrated a highly significant correlation between experimentally observed and microarray-predicted apoptotic response to oxaliplatin (R ¼ 0.53, P ¼ 0.002).
Our microarray experiments identified a number of genes and expressed sequence tags (ESTs) that are differentially expressed in cell lines that are sensitive and resistant to oxaliplatin. Among the 254 transcripts that were used in at least one of the 30 'leave-oneout' cross-validation loops, several of them have a known role in apoptosis (Table 1) . The serine/threonine kinase Protein Kinase C alpha (PKCa) has been associated with cell survival and the suppression of apoptosis (Deacon et al, 1997; Orlandi et al, 2003) . PKCa was represented twice in our cDNA microarray and both probes demonstrated that expression levels were lower in cell lines with a higher apoptotic response to oxaliplatin. This is in good agreement with previous reports demonstrating that PKCa levels modulate the cellular response to cisplatin and oxaliplatin (Johnson et al, 2002; Orlandi et al, 2003) . The transcription factor NFkB has been shown to be frequently deregulated in colorectal tumours, and it is associated with increased proliferation and resistance to apoptosis induced by chemotherapeutic agents (Garg and Aggarwal, 2002; Orlowski and Baldwin, 2002 Correlation coefficient between expression levels in 30 colorectal cancer cell lines (Ln) and the corresponding proportion of apoptotic cells after 72 h exposure to 10 mM oxaliplatin (Ln). The correlation of all 9216 genes can be found in our website: www.augenlichtlab.com. Number of times used in the leave-one-out cross-validation process.
c Biological process from Gene Ontology.
activity of NFkB significantly sensitises colorectal cancer cells to cytotoxic effects of oxaliplatin (Rakitina et al, 2003) . In addition, the recently identified apoptosis inhibitor AVEN (Chau et al, 2000) was found to be expressed at higher levels in cell lines that showed reduced apoptosis in response to oxaliplatin. The cytotoxic activities of oxaliplatin are believed to be linked to DNA damage, and the levels of expression of the DNA repair endonuclease ERCC1 (excision repair cross-complementing 1) have been shown to be inversely correlated with response to oxaliplatin (Shirota et al, 2001; Arnould et al, 2003) . Although ERCC1 was not represented in the 9K chips used in this study, our microarray analyses identified at least four genes involved in DNA repair mechanisms that were significantly correlated with the ability of oxaliplatin to induce apoptosis in colorectal cancer cells (see Table 1 ). The histone acetyltransferase HTATIP (HIV-1 Tat interactive protein, 60 kDa), postmeiotic segregation increased 2-like 6 (PMS2L6), general transcription factor IIH, polypeptide 1 (GTF2H1), and the DNA ligase LIG4, showed higher levels of expression in cell lines that are more resistant to oxaliplatin treatment. In fact, at least LIG4 has been shown previously to confer resistance to the related platinum compound cisplatin (Chipitsyna et al, 2004) .
In summary, this study investigates the molecular mechanisms underlying the cytotoxic effects of oxaliplatin in colorectal cancer cells in an attempt to identify different means of predicting response to this chemotherapeutic agent. We demonstrate that exposure of proliferating colorectal cancer cells to oxaliplatin induces a G2/M arrest and a molecular cascade of events consistent with an intrinsic mechanism of apoptosis. Moreover, the cytotoxic effects of oxaliplatin were shown to be Bax and p53 dependent using and isogenic in vitro system. Importantly, we demonstrate that the expression profile of untreated tumour cells can be used to predict response to oxaliplatin, and that this approach outperforms the accuracy of p53 mutational status as a predictive marker. The efficacy of this microarray-based approach to predict response to oxaliplatin remains to be confirmed in vivo. Collection of tumour samples from suitable patient populations is currently ongoing at our institution to test the value of these approaches, although completion of the study is dependent upon prolonged follow-up periods to assess response to therapy.
